Because of their toxicity to humans and their tendency to bioaccumulate in the food chain, the detection of chlorophenols has been investigated intensively. This paper compares the oxidation of 4-chlorophenol on a bare gold electrode to its detection on gold electrodes electrochemically modified with either cobalt(II) tetrasulphonated phthalocyanine (CoTSPc) or 3,4 ,4 ,4 -copper(II) tetrasulphonated phthalocyanine (CuTSPc). Results show that the electrochemical behaviour of 4-chlorophenol depends on the molecular structure of the phthalocyanine thin film layers on the gold surface. In addition, the influence of the coordinating properties of the phthalocyanines on the sensitivity of the measurement and the fouling of the electrode material is discussed.
Introduction
Chlorophenols have been recognized as environmental pollutants since the 1960s because of their toxicity to humans and most aquatic organisms and their tendency to bioaccumulate in the food chain [1] . They are known to be widespread in industrial wastes (e.g. pulp and paper mills, petrochemical refineries and coke plants [2] ) and are used in many industrial processes such as the manufacture of plastics, dyes and pesticides [3] . In addition, these compounds are applied as wood preservatives in agricultural and domestic applications and in additives to inhibit microbial growth in a wide array of products, such as adhesives, oils, textiles and pharmaceutical products [2] .
In the past different chromatographic and spectroscopic techniques have been tested and used for the detection of chlorophenols in wastewater [3] [4] [5] . These methods, however, can be quite time consuming. Moreover, the fact that samples need to be taken from the site into the laboratory potentially implies the possibilities for sample contamination, alteration or fraud. This makes that there is a need for sensitive, repro-ducible, stable, easy-to-use and low-cost analytical methods for monitoring chlorophenols in water.
In more recent years the electrochemical detection of chlorophenols and the development of an electrochemical sensor for these compounds have been investigated intensively together with their degradation and adsorption [6] [7] [8] . Different bare electrode materials such as gold, platinum, glassy carbon and boron doped diamond electrodes have been tested [4, [9] [10] [11] [12] [13] as well as modified electrodes with different kinds of catalysts [14, 15] . Especially the use of transition metallo phthalocyanines as electrocatalysts has lately attracted a wide research interest [14] [15] [16] [17] [18] . Soluble sulphonated phthalocyanines have shown to be able to form layers on different types of supporting material, including electrodes [19] . The immobilization of these compounds can lead to modified electrodes with improved kinetic properties. The major characteristics of phthalocyanines are their high thermal and chemical stability, coupled with their extensive redox chemistry and their tendency to form aggregates [20] [21] [22] .
In previous studies, the electrodeposition of cobalt(II) tetrasulphonated phthalocyanine (CoTSPc) or 3,4 ,4 ,4 -copper(II) tetrasulphonated phthalocyanine (CuTSPc) on gold electrodes in a pH 12 buffer solution has been described [19, 23, 24] . In addition, the morphology and heterogeneity of the adsorbed CoTSPc or CuTSPc thin layers were studied with synchrotron radiation X-ray fluorescence spectroscopy. The latter allowed the authors to develop a theory about the layer formation and build-up of CoTSPc as well as CuTSPc on gold electrodes [25] [26] [27] .
In this work, the oxidation of 4-chlorophenol (4-Cp) on bare gold electrodes is compared to its detection on gold electrodes electrochemically modified with CoTSPc or CuTSPc. Results show that the electrochemical behaviour of 4-chlorophenol depends on the molecular structure of the phthalocyanine thin layers on the gold surface. In addition, the influence of the coordinating properties of the phthalocyanines on the sensitivity of the measurement and the fouling of the electrode material is discussed.
Experimental
The immobilization of a phthalocyanine (CoTSPc or CuTSPc) on a gold electrode was performed in a three-electrode cell with a saturated calomel reference electrode (SCE) with two compartments (Radiometer Analytical, France) and a carbon counter electrode. The working electrodes were gold disc electrodes with a diameter of 1.6 mm (BASI, UK), which were pretreated by mechanical and electrochemical polishing according to the following procedure. Before its first use, the electrode surface was briefly scoured by a silicon carbide emery paper of 1200 grit to obtain a fresh surface. To smoothen the resulting relatively rough surface it was further subjected to sequential polishing on a polishing cloth covered with alumina powder of 1, 0.3 and 0.05 m particle size (Buehler, USA) for respectively 5, 10 and 20 min. To remove any adherent Al 2 O 3 particles the electrode surface was rinsed thoroughly with doubly deionised water and cleaned in an ultrasonic bath containing deionised water (Branson 3210, USA) for 2 min. Finally, the electrode was pretreated electrochemically by scanning it in a 0.1 mol L −1 Na 2 HPO 4 /NaOH buffer solution (pH 12) between −1.2 and 0.6 V versus SCE until five subsequent scans were identical.
The modification of the electrodes was done by recording successive cyclic voltammetric scans in a potential window from −1.2 to 0.6 V versus SCE (50 mV s −1 ) during a defined number of scans in a pH 12 buffer solution containing either CoTSPc or CuTSPc. For a more detailed description of the electrochemical behaviour of CoTSPc or CuTSPc on a gold electrode, the reader is referred to the literatures [19, 23] . Important for this study is that the modification was performed prior, at and after the breaking point (i.e. the scan at which there is a maximum adsorption) for the modification with CoTSPc and after 10, 60 and 100 scans for the modification with CuTSPc (no breaking point was observed for CuTSPc).
After the modification step, the modified electrode was scanned during 20 voltammetric scans in a blank pH 12 buffer solution followed by adding different concentrations of 4-Cp. For each concentration, a freshly made modified electrode was used.
A PGSTAT20 potentiostat controlled by GPES 4.9 005 software package running (ECO Chemie, The Netherlands) was used to record the voltammetric curves. Before the start of each measurement, the pH of the solution was measured using an Orion Benchtop pH-meter model 420A (Thermo Fisher Scientific, USA).
The CoTSPc sodium salts, with the four sulphonated groups randomly placed over the phthalocyanine structure, were purchased from Rhodes University of Grahamstown (Eastern Cape, South Africa). The CuTSPc sodium salts were purchased from Sigma-Aldrich (USA). In case of the latter, the four sulphonated groups can be found on fixed positions, more specifically on the 3, 4 , 4 and 4 spot of a phthalocyanine ring (CuTSPc). The buffer solution of pH 12 (Na 2 HPO 4 /NaOH) and the 4-Cp were purchased from VWR-International (Belgium). Before each experiment, pure nitrogen was bubbled through the cell solution for 20 min.
The oxidation peak current (I) of 4-Cp of the first voltammetric scan was plotted as a function of the concentration (C Cp ) to obtain calibration curves in a concentration range from 0.05 to 1 mmol L −1 . Linear regression by the least-squares method was applied using the model:
where e is the residual. The uncertainty of these values (s b 0 and s b 1 ) was calculated next to the pure (experimental) error (s y ). The latter were statistically compared on the 95% confidence level using the F-test for the precision. The calibration curves have been statistically compared with each other on the 95% confidence level with the two-tailed t-test using the Bonferroni adjustment. This adjustment was used since more than two means were compared which makes that the same mean is used several times and consequently the t-tests are not independent of each other. As a result, when all population means are equal, the probability that at least one comparison will be found to be significant different increases [28] . Fig. 1 shows the first cyclic voltammetric scan of 1.0 mmol L −1 4-Cp on a bare gold electrode (a, curve 1), on a gold electrode modified with CoTSPc until the breaking point (b, curve 1) and on a gold electrode modified with CuTSPc during 60 subsequent voltammetric scans (c, curve 1). Also the current potential curves recorded at the three electrodes (respectively a, b and c, curve 2) in a 4-Cp free pH 12 buffer solution are shown. Next to the peaks related to the adsorbed phthalocyanine, the oxidation of gold with the formation of gold oxides (around 0.4 V versus SCE) and the reduction of the formed gold oxides with regeneration of the original gold surface (around 0.15 V versus SCE) can be seen in curves 2. Curves 1 show that 4-Cp can be oxidized at a bare gold electrode, as well as at modified electrodes. The oxidation process of 4-Cp occurs at around 0.5 V versus SCE, the same potential at which the gold oxidation takes place. It has been postulated that the oxidation of chlorophenol begins with the interaction of the chlorophenol molecule with an adsorbed OH, which has been formed by electro-oxidation of an Au-H 2 O site. In this way, a phenoxy radical is formed which on its turn can start a polymerization reaction. Stabilization of the radical occurs by the delocalization of the radical centre over the aromatic ring [9, 12] . the electrode results in a smaller amount of free gold and thus a decrease of the corresponding redox peaks.
Results

Oxidation potential of 4-Cp
Fouling of the electrode materials
A second indication is given in Fig. 3 which shows a detail of the oxidation of 0.6 mmol L −1 4-Cp at a gold electrode modified with CoTSPc till the breaking point (a-e) and with CuTSPc during 60 voltammetric scans (f-j) as a function of time (voltammetric scan number). It is seen that the current decreases with growing voltammetric scan number indicating the fouling of the electrode and diminishing the number of active sites.
According to the literature this poisoning phenomenon can be explained by the formation of phenoxy radicals which can react through two pathways [9, [29] [30] [31] . Gattrell and Kirk [29] [30] [31] describe the chlorophenol oxidation and subsequent polymerization pathway, postulating a passivation model in which layers of immobile unreactive material are formed at the electrode surface inhibiting further reaction. Initially, high molecular weight material is formed which remains in the vicinity of the electrode surface. This leads to a locally rapid molecular weight growth resulting in the differentiation of the polymeric film structure in an accelerating manner. Once this immobilized material is oxidized to less reactive forms, the electrode surface becomes effectively shielded for further reaction. Another pathway that can be followed yields quinone-like structures which are water soluble [9] . It is shown that the way in which the phenoxy radical reacts, depends on its formation rate. Higher chlorophenol concentrations and/or low scan rates favour the polymerization and the resulting film behaves as an insulator, passivating the film. On the contrary, lower chlorophenol concentrations and/or high potential scan rates favour the oxidation to quinonic species and the polymer film can be porous enough for charge transfer to continue [9] . Overall, it can be concluded that at low potential scan rates, high chlorophenol concentrations and high pH, which is the case in this study, the formation of films with low porosity is favoured [12] .
In this study, it is observed that the net current decreases with 10% during 10 subsequent voltammetric scans in a 0.6 mmol L −1 4-Cp solution for a gold electrode modified with CoTSPc. For the CuTSPc modified gold electrode and the bare gold electrode, the current however decreases respectively with 22% and 26% indicating that the fouling of the electrode occurs slower on the gold electrode modified with CoTSPc. An explanation for this difference will be given further in Section 4. 
Comparison of calibration curves of 4-Cp
Because of the fouling of the electrode, a fresh electrode is needed for each 4-Cp detection. In addition, only the first cyclic voltammetric scan of the electrode is taken into account to plot a calibration curve. Fig. 4 compares the calibration curves of 4-Cp for a gold electrode modified with CoTSPc till the breaking point (curve 2) and for a gold electrode modified with CuTSPc during 100 voltammetric scans (curve 3). The calibration curve obtained at a bare gold electrode is also shown (curve 1). In Table 1 For CoTSPc, the results show that the uncertainty on the detection of 4-Cp is significantly smaller before the breaking point (CoTSPc), at the breaking point (CoTSPc) and at a bare gold electrode than after the breaking point (CoTSPc). This indicates that the precision decreases with the modification time (increasing voltammetric scan number). Moreover, it is seen that the sensitivity of the 4-Cp detection is significantly lower at the breaking point than before the breaking point and at the bare gold electrode. For the detection of 4-Cp at a gold electrode modified with CuTSPc, it is noticed that the precision and the Table 1 Overview of the data related to the calibration curves obtained from the electrochemical oxidation of 4-Cp at a bare gold electrode and at gold electrodes electrochemically modified with CoTSPc or CuTSPc in a concentration range of 0.05-1 mmol L −1 with respectively the electrode condition, b 1 , s b 1 , b 0 , s b 0 , s y and the number of data points shown sensitivity are independent from the number of voltammetric scans during the modification process. In contrast to CoTSPc, no significant difference between the detection of 4-Cp at a bare gold electrode and a gold electrode modified with CuTSPc is detected. As can be seen in Fig. 1 , the nature of the central metal ion does not affect the oxidation of chlorophenol at the modified electrode. If the latter was true, another cyclic voltammetric behaviour is expected because Co(II) and Cu(II) have a different number of d electrons. Based on the above results, it is now clear that the coordination state of the phthalocyanine plays a crucial role in the oxidation of 4-Cp.
Discussion
The similarity of the detection of 4-Cp at a bare gold electrode and at a gold electrode modified with CuTSPc can be explained by the properties of the phthalocyanine thin film layer. From the first voltammetric scan on, a stable CuTSPc thin film is formed with nicely stacked columnar aggregates. During further modification, the thin film keeps on growing steadily, increasing the number of electrochemically active adsorbed CuTSPc molecules. Because of the four coordinating properties of CuTSPc [17] , the phthalocyanine molecules can approach each other very easily. The dense CuTSPc aggregates on the electrode make electron transfer possible through the thin film and have only a minor influence on the electrode sensitivity. This behaviour was observed for all kinds of CuTSPc modified electrodes, explaining the independence of the 4-Cp detection from the number of voltammetric scans during the modification. Moreover, the above results show that the rate of fouling of both the bare gold electrode and the CuTSPc modified electrode is similar, indicating that the oxidation process of 4-Cp at both electrodes is comparable. The modification of the gold electrode with CuTSPc, a four coordinating phthalocyanine, is not an improvement for the detection of 4-Cp.
For CoTSPc, another effect is observed concerning the relationship between the thin film build-up and the detection of 4-Cp. In this case, the change in sensitivity and selectivity for the detection of 4-Cp at a gold electrode modified with CoTSPc before, at and after the breaking point, can also be explained by the change in the thin film build-up during the modification procedure [25] [26] [27] . At the start of the modification procedure only electrochemical active monomer species are adsorbed on the gold electrode. On this CoTSPc monomer thin film, monomers as well as dimers are adsorbed. At the breaking point, an equilibrium exists between the monomer and the dimer species. After the breaking point, only adsorption of the electrochemically inactive dimer species on the formed thin film is observed. The similarity in sensitivity for the 4-Cp detection at a gold electrode modified with CoTSPc before the breaking point and at a bare gold electrode can be explained, as for CuTSPc, by the availability of electrochemically active CoTSPc species for the oxidation of 4-Cp. During continuous modification however the number of dimers, adsorbing on the CoTSPc thin film, increases. At the breaking point, the high amount of electrochemically inactive dimer species results in a decrease in the sensitivity of the modified electrode compared to the situation before the breaking point. During further modification, the amount of dimers on the electrode surface keeps increasing which has a negative influence on the reproducibility of the 4-Cp detection. The presence of the CoTSPc dimers on the surface however appear to have a positive influence on the fouling of the electrode. This can be explained by the more chaotic thin film build-up after the breaking point resulting in a more difficult adsorption of the phenoxy polymer on the surface. It is also possible that the formed phenoxy polymer adsorbs on a CoTSPc dimer site which is not electrochemically active. During this discussion, it is noticed that the build-up of the CuTSPc or CoTSPc thin layers play a crucial role in their electrochemical properties towards the oxidation of 4-Cp. The thin layer build-up is on his turn highly influenced by the coordination properties of the phthalocyanine species used during modification. Four coordinating species, such as CuTSPc, give from the first scan nicely stacked columnar aggregates with electrochemically active monomers and dimers [17] . This has a positive influence on the reproducibility towards the oxidation of 4-Cp in alkaline solution, but there is no improvement of the sensitivity. On the other hand, modification with six coordinating phthalocyanine species, such as CoTSPc, results in a more chaotic layer build-up because of the presence of electrochemically inactive dimer species on the surface [15] [16] [17] . The presence of these electrochemically inactive species on the surface has a positive influence on the fouling of the electrode but the reproducibility of the oxidation of 4-Cp decreases markedly which makes this electrode less useful for this oxidation.
Conclusions
In this paper the oxidation of 4-Cp in a pH 12 buffer solution at a bare gold electrode is compared to its oxidation at a gold electrode modified with CoTSPc or CuTSPc. The modification of the electrode was performed by successive cyclic voltammetric scans in CoTSPc or CuTSPc solutions. It is noticed that the gold electrodes modified with CoTSPc or CuTSPc show no electrocatalytic behaviour concerning the oxidation of 4-Cp. It is, however, seen that the build-up of the CoTSPc or CuTSPc thin film on the gold electrode has a major influence on the sensitivity and the reproducibility of the electrode. High amounts of electrochemically inactive species on the electrode surface have to be avoided. Therefore, four coordinating metal phthalocyanines are preferred and six coordinating metal phthalocyanines have to be avoided as electron transfer mediator. On the other hand, it is noticed that the more chaotic thin film build-up and the presence of electroinactive six coordinating CoTSPc species have a positive effect on the fouling of the electrode surface.
